Wheat/Hordeum vulgare and wheat/H. chilense disomic chromosome addition lines have been used to locate genes influencing tolerance to salt to specific chromosomes of the H and Hd genomes of H. vulgare and H. chilense respectively. The addition lines were grown in hydroculture containing either 0 mol m3, 175 mol m3 or 200 mol m3 sodium chloride. Various growth and yield parameters were measured and comparisons were made both between species and between chromosomes. Nat vigour was found to have a major effect on tolerance to salt in the wheat/H. vulgare addition lines. Vigorous genotypes, in control conditions generally performed well in saline conditions. However, significant interactions between genotype and salt concentration were found and this indicated specific chromosomes with positive and negative effects. Genes with positive effects for salt tolerance were located to chromosomes 4H and 511 of H. vulgare and IH", 4H'' and 511ch of H. chilense. The genetic control of salt tolerance is discussed.
INTRODUCTION
Salinity is a major factor limiting crop yields in many parts of the world. The problem is most acute in arid and semi-arid climates where low precipitation, high surface evaporation and weathering of native rocks combine to produce naturally saline soils. Irrigation with brackish water and poor drainage often produces secondary salinity. The area of land affected by salt continues to increase and it is likely that the effects of global warming will exacerbate the situation even further.
One approach to the problem is to develop cultivars with greater tolerance to salt. Consequently, an understanding of the genetic control of tolerance to salt is important in plant breeding efforts directed towards more tolerant cultivars. This paper describes the genetic control of salt tolerance in barley, the most salt tolerant of the major cereal crops (Maas and Hoffman, 1977; Dutt, 1982, 1987) . Various tests and selections have been carried out on large populations of barley and significant and useful variation is available within the species (Storey and Wyn Jones, 1978 The chromosome nomenclature in this paper is based on homoeology, the genome symbol of H. vulgare is H and that of H. chilense, H'.
MATERIALS AND METHODS

Plants
The plant material consisted of 15 genotypes; bread wheat Triticum aestivum cv. Chinese Spring, (CS), (2n = 6x = 42, AABBDD), cultivated barley Hordeum vulgare cv. Betzes (2n = 2x = 14, HH), the CS/Betzes disomic addition lines (2n =42+2) (Islam et al., 1975) for chromosomes 2H, 3H, 411, Received 17 January 1990 Chromosome location of genes controlling tolerance to salt (NaCI) and vigour in Hordeum vulgare and H. chilense B. P. Forster, M. S. Phillips, T. E. Miller,* E. Baird and W. Powell 5H, 6H and 7H (barley chromosomes 2, 3, 4, 7, 6 and 1 respectively) the CS/Betzes translocation line 2AS.1HS (a substitution for the intact 2A chromosome, 2n = 42, chromosome IH = barley chromosome 5), the CS/H. chilense telosomic addition lines 1HthS (2n=42+2/t) and 2Hda (2n =42+2t), and the disomic addition lines for chromosome 4Hth, 5H, 6H and 7Hd (2n =42 + 2) (Miller et al., 1982) .
Procedure
Chromosome numbers of all the genotypes were checked using Feulgen-stained seedling root tip squashes (Darlington and La Cour, 1960) . Seed were germinated of uniform size and weight within each genotype (seed size can influence plant vigour). Only seedlings with the correct chromosome constitution were used. An excess of seedlings for each genotype (about 25) were then vernalized in vermiculite-filled Japanese paper pots at 4°C with an 8 h photoperiod and an irradiance of 120 pmol m2 s for four weeks. Although CS carries the vernalization insensitivity gene Vrn3 (Law et aL, 1976) , it nevertheless has a small vernalization requirement and vernalization was carried out to reduce this effect and that of similar genes in the two sets of addition lines, thus improving the uniformity of flowering times between genotypes. After vernalization, 18 seedlings of approximately equal weight and size were selected from each genotype to reduce further variation in vigour. At this stage the seedlings weighed 02-03 g with shoots and roots both 8 cm in length; the 2H and 2H1a lines were generally less vigorous and the 7H and 7H lines were larger than average. Seedlings from each of the 15 genotypes were suspended, one genotype/tank, over 18 hydroculture tanks so that their roots were completely emersed in culture solution. The tanks were placed in a heated glasshouse (16-24°C) and irradiated with 300 mol m2 s' light. Both tank position and plant position within each tank were randomised. Half-strength culture solution (Hewitt, 1966) was used in all tanks for the initial week of hydroculture, after this salt (sodium chloride, NaC1, and calcium chloride, CaCl2, in the ratio of 20: 1 mol/mol) was added in daily increments (25 mol m3 NaC1) to achieve final concentrations, in 6 replicate tanks, of 200 mol m3, 175 mol m3 and 0 mol m3 NaC1. These concentrations were chosen because they are close to the threshold tolerance of wheat. Culture solutions were replaced weekly. Plant fresh weight and survival were scored weekly. Flowering time was also scored as were mature plant characters: plant height, stem number, spikelet number, grain number and grain weight.
RESULTS
The mean scores for the various growth and yield parameters for the fifteen genotypes in the 3 environments are presented in table 1. In terms of overall performance the H. chilense (Ha') addition lines performed better than the H. vulgare (H) addition lines (table 2). The effect of salt was to reduce the expression of all the characters measured. Prior to analyses, spikelet number, fresh weight and stem number were logarithmically transformed and the square root taken of grain number and grain weight in order to lessen interdependence of means and variances. The analyses of variance for these data are given in table 3 and show that there are significant differences between the salt treatments for all the characters measured. However, only in the case of plant height, grain number per plant and fresh weight were there significant differences between the 175 and 200 mol m3 NaC1 salt treatments. This indicates that the time period of vegetative growth was too short for the higher salt concentration to have an appreciable effect on plant performance, the main differences between the two salt treatments were detected relatively late in the life cycle after flowering.
Significant differences (P <0.001) were detected between the genotypes assessed for all the characters measured. The sums of squares for genotypes was partitioned in order to examine the contrast between the two sets of addition lines, H and H. In all cases there were significant differences between the H' and the H groups with the H lines performing better than the H lines (see table 2 ). The genetic variation accounted for by this contrast was small compared to the variation detected between individual lines. This indicates that each individual addition line must be considered when examining the effect of salt stress on plant performance.
With the exception of days to flowering there was a significant genotype X salt treatment interaction. This indicates that specific chromosomes other than those conferring vigour have significant effects on tolerance to salt. From the analysis of variance (table 3) the interaction between the two groups and between the two salt treatments are non-significant. Although formally significant for a number of characters, the interaction between groups and the presence and absence of salt account for a small part of the interaction sums of squares. A large part of the variation is accounted for by differences between genotypes.
In order to examine and interpret the interaction effects, an analysis of variance was conducted on the Hch and H groups separately (table  4) . Considering the H group, only grain number exhibits a significant (P <0.05) interaction between salt concentration and genotype. For the other traits performance in the absence of salt provides a good indicator of performance in the presence of salt. In this situation tolerance to increasing salt concentration is confounded with overall plant vigour. Nevertheless, it is possible to rank the genotypes in terms of their overall performance (see table 5 ). The 6H and 7H addition lines generally have the highest ranking for the characters with non-significant interactions. The addition of these chromosomes tend to confer positive effects for all the characters measured. Secondly, addition lines 2H, 3H and 5H tend to rank the lowest for the traits measured. There is therefore consistency in the ranking of the addition lines over traits (coefficient of concordance = 0.5577*), suggesting that individual chromosomes carry genes which influence vigour. 
Genetic control of vigour
Vigour is a difficult term to define. In this work we have assessed vigour by ranking genotypes for the accummulative effects of various plant growth and harvest yield parameters (table 5) . This is the first report of vigour being quantified in this manner and being related to the genetic contribution of individual barley chromosomes. The rankings (table 5) show that most addition lines are less vigorous than euploid CS, with the exception of the disomic addition lines 6H and 7Hth and the ditelosmic addition line of 2Hcla. Group 6 and 7 chromosomes of both H. vulgare and H. chilense confer positive effects on vigour for most of the characters studied, emphasising the importance of these two chromosomes in determining overall plant viour. Much of the advantage of the 7H and 7HC addition lines is lost at maturity due to poor fertility. However, both group 6 addition lines maintain a high ranking for all the characters studied. The disadvantage of the group 6 or group 7 addition lines over euploid wheat is their lack of true breeding due to poor transmission of the extra chromosomes, particularly in the pollen. The positive effects of chromosome 6H on grain yield has also been noted in a barley doubled haploid population derived from the cross Dissa x Sabarlis (Powell et a!., 1990) . Increased yields of doubled haploid lines were found to be associated with the a-amylase-1 phenotype of Sabarlis; the a-Amy-i gene is located on the long arm of 6H and this may provide a means of marking genes which influence vigour in barley (Powell et al., 1990) .
Genetic control of salt tolerance
The results indicate that there is a large genetic effect on tolerance to salt in barley and this can be located to the effects of genes on chromosomes 4H and 5H of H. vulgare and 1HS, 4H and The effects of chromosomes 2Eb and 5Eb of Thinopyrum bessarabicum (synonymous with 2J and 5J of Agropyron junceum), and 2A, 2B, 2D, 5A, 5B and SD of wheat, Triticum aestivum, on the salt tolerance of wheat have been reported earlier . The effect of added group 2 chromosomes was to increase the susceptibility of wheat to salt, whereas the addition of 5Ev' increased the tolerance. The poor performance of the 2H''a addition line suggests that the telosomic chromo- montanum, but with genes on chromosomes 2R, 3R, 4R and 6R also having effects (Manyowa et a!., 1988; Aniol and Gustafson, 1984) . Genes for aluminium tolerance were also located on chromosome SD of the relatively tolerant wheat cultivar Atlas 66 (Prestes et a!., 1975) . The SH and SHh disomic addition lines were not as tolerant to salt as the 5E" addition line reported by and indicates that the barley species tested carry less potent alleles than those of the sand-dune grass Th. bessarabicum. Genetic studies on the uptake of sodium have domonstrated that the transport of sodium to the shoots of hexaploid wheat is influenced by a gene or genes located on the long arm of chromosome 4D of Aegilops squarrosa, the progenitor of the D genome of hexaploid wheat (Gorham eta!., 1987) . The positive effects of chromosomes 4H and 4H' in the present study may indicate the effect of similar genes in barley genomes and again this may form part of a homoeallelic series of genes in the Triticeae.
This study demonstrates that a major proportion of the genetic variation for salt tolerance may be accounted for by genetic loci on specific barley chromosomes. It is interesting to note that toler- Ceratopteris (Warne and Hickok, 1987) and the single dominant gene Nd restricts the influx of chloride to the shoots of Glycine max cv. Lee (Abel, 1969) .
Morphological effects The addition of both group 2 and group 5 chromosomes to wheat have major effects on plant morphology. These effects are contrasting; the addition of group 2 chromosomes produces a plant which is narrow leaved and with thin vitreous grains, group 5 addition lines are characteristically short, with broad leaves and coarse grains (Miller and Reader, 1987) . Although the genes on these two chromosomes appear to have opposite effects they both carry genes targeted at plant growth and morphology. Group 2 and group 5 chromosomes also carry genes controlling time to flowering; the photoperiod insensitivity genes in the case of the group 2 chromosomes (Scarth and Law, 1984) and the vernalisation requirement genes in the case of group 5 chromosomes (Law et a!., 1975) . The contrasting salt tolerance of group 2 and group 5 chromosome addition lines may be the result of altered plant morphology and growth. The establishment of a link between such characters and salt tolerance would be invaluable in both genetic, physiological and directed plant breeding efforts for more tolerant crops. Physiological mechanisms associated with salt stress such as ion exclusion, the build up of proline, glycine-betaine, abscisic acid, or sodium stomatal closure, osmotic adjustment or leaf rolling have not been linked to genes on group 2 or 5 chromosomes. However, sodium/potassium discrimination is influenced by genes on chromosome 4D of wheat (Gorham et a!., 1987) .
Breeding for tolerance to salt An important finding is that the H. chilense addition lines performed better than those of H. vulgare. The wild species therefore has more potent genes for tolerance to salt than the cultivated species. This is not surprising when one considers that barley cultivars have been selected for centuries on their performance in fertile soils, but it does emphasise the point that wild relatives of crop species are invaluable sources of genes for novel characters. Fertile hybrids between H. chilense and H. vulgare have not been produced and therefore introgression of genes between these two species is not possible by the normal processes of meiotic recombination. But the salt tolerance of wheat may be improved by transferring genes from H. chilense chromosomes to relevant wheat homoeologues. Different strategies are possible in breeding for greater tolerance in barley. Genes for both tolerance to salt and genes for vigour are of importance in this context. These genes are located on different and potentially opposing chromosomes; group 6 and 7 chromosomes carry genes for vigour, but their respective addition lines have the worst response in salt stressed conditions relative to control conditions; homoeologous group 4 and 5 chromosomes carry genes for tolerance to salt, but can also confer poor vigour. There is therefore a dilemma in breeding for tolerance to salt, one option for the breeder is to select on the basis of vigour in which case vigorous lines would be expected to perform well in both fertile and saline field conditions (a strategy supported by Richards, 1983) ; the results presented here suggest that segments of chromosomes 6H and 7H would be of importance in such a breeding programme. Or a programme could be designed to transfer genes into the crop having direct positive effects.
Homoeologous group 4 and 5 chromosomes of salt tolerant wild barleys such as H. spontaneum which can hybridise and recombine with H. vulgare would be potential sources for such genes. A collaborative programme between SCRI and the University of Haifa, Israel, has been initiated for this purpose.
Finally, selection for agronomic traits such as vigour and salt tolerance would proceed faster and with greater precision if marker based technology could be applied to the breeding process. Biochemical markers such as proteins (including isozymes) and DNA markers such as RFLPs (restriction fragment length polymorphisms) can be targeted at specific chromosomes, and linkage established with the character of interest. Such markers are actively being sought at SCRI.
